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Introduction {#sec001}
============

Cystic Fibrosis (CF) is an autosomal recessive genetic disease which results from mutations in the gene encoding the Cystic Fibrosis transmembrane conductance regulator (CFTR, gene *ABCC7*). CFTR normally resides at the apical surface of epithelial cells where it mediates the flux of chloride and bicarbonate ions across the membrane \[[@pone.0220984.ref001], [@pone.0220984.ref002]\]. The most prevalent disease mutation is the deletion of phenylalanine 508 (ΔF508-CFTR), which leads to misfolding and retention of the protein in the endoplasmic reticulum (ER) where it is targeted for degradation through the ER associated degradation (ERAD) pathway \[[@pone.0220984.ref003]\]. Therefore elucidating the molecular mechanisms of CFTR folding and degradation remains a high priority for understanding CF pathogenesis and development of new therapeutics.

CFTR is a member of the ATP-binding cassette (ABC) transporter superfamily which contains 1480 amino acid residues and forms five subdomains; two membrane-spanning domains (MSD1 and MSD2) each with six transmembrane domains, two nucleotide-binding domains (NBD1 and NBD2), and a regulatory (R) domain \[[@pone.0220984.ref004]\]. CFTR synthesis at the ER requires approximately 10 minutes and requires co- and post-translational folding events that involve the cooperative assembly of N- and C-terminal membrane and cytosolic subdomains \[[@pone.0220984.ref005]--[@pone.0220984.ref008]\]. CFTR assembly progresses through the formation of different folding intermediates, however CFTR folding is relatively inefficient and much of the newly-synthesized channel is degraded \[[@pone.0220984.ref003]\]. The F508 residue is located on the surface of NBD1 and is important for folding and proper inter-domain assembly with NBD2 and MSD2, and thus the trafficking of CFTR to the plasma membrane (PM) \[[@pone.0220984.ref006], [@pone.0220984.ref007], [@pone.0220984.ref009]\]. Consequently, the great majority of ΔF508-CFTR is targeted for ERAD.

Molecular chaperones assist the folding and assembly of the cytosolic domains of CFTR. Hsc70 (*HSPA8*), its inducible homolog Hsp70 (*HSPA1A/B*), and Hsp90 are thought to be the most important \[[@pone.0220984.ref010]--[@pone.0220984.ref012]\]. Hsc70 and Hsp70 are activated by the J domains of DNAJ co-chaperones, to support folding but also a variety of other processes \[[@pone.0220984.ref013], [@pone.0220984.ref014]\]. Hsc70 and the co-chaperone DNAJA1 (also called DJA1/Hdj2) assist co-translational folding of NBD1 at the ER \[[@pone.0220984.ref015]\]. Using a proteomic approach, it was found that more Hsc70/Hsp70 was associated with misfolded ΔF508-CFTR than wild-type (WT) \[[@pone.0220984.ref016]\]. The Hsp90 system is involved most probably in the later steps of CFTR folding, as Hsp90 inhibition blocks CFTR maturation and accelerates its degradation \[[@pone.0220984.ref010]\]. In addition, downregulation of the Hsp90 co-chaperone Aha1 partially rescues ΔF508-CFTR allowing its accumulation at the cell surface \[[@pone.0220984.ref011]\].

Molecular chaperones are also involved in the degradation of proteins, including CFTR. The cytosolic E3 ubiquitin ligase CHIP interacts with Hsc70/Hsp70 to promote poly-ubiquitination and ERAD of misfolded CFTR \[[@pone.0220984.ref017]--[@pone.0220984.ref019]\]. Thus, Hsc70/Hsp70 aids the opposing processes of CFTR folding and degradation. In addition, there is an ER membrane-associated complex that involves the E3 ligases RMA1 and gp78 which cooperate to poly-ubiquitinate CFTR \[[@pone.0220984.ref020], [@pone.0220984.ref021]\]. Poly-ubiquitinated CFTR is sent for proteasomal degradation through a pathway that involves derlin-1 \[[@pone.0220984.ref020]\], BAP31 \[[@pone.0220984.ref022]\], and p97 \[[@pone.0220984.ref023]\]. RMA1 has been proposed to act co-translationally to sense the folding status and assembly of NBD1 and the R domain while Hsc70-CHIP may act post-translationally after NBD2 synthesis to detect folding defects that involve terminal steps in CFTR assembly \[[@pone.0220984.ref020]\].

Various DNAJs have different effects on the ER folding or degradation of CFTR. DJA1 promotes poly-ubiquitination of NBD1 by Hsc70 and CHIP in reconstitution experiments \[[@pone.0220984.ref024]\]. However, DJA1 knockdown decreases CFTR folding and trafficking, suggesting that its chaperone role outweighs its ERAD role \[[@pone.0220984.ref025]\]. DNAJB1 (DJB1/Hdj1/Hsp40), a major stress-induced co-chaperone, stabilizes immature CFTR but has no overall effect on trafficking \[[@pone.0220984.ref026]\]. CSPα (DNAJC5) associates with the ER membrane, and promotes CFTR ERAD through formation of complexes with Hsc70 and CHIP \[[@pone.0220984.ref027]\]. However, CSPα binds CHIP independently of Hsc70, in contrast to DJA1 which interacts directly with NBD1 \[[@pone.0220984.ref015], [@pone.0220984.ref027]\]. Transmembrane ER resident DNAJB12 promotes degradation of misfolded CFTR through Hsc70 and RMA1, instead of CHIP \[[@pone.0220984.ref025], [@pone.0220984.ref028]\]. DNAJA2 (DJA2) is highly conserved with DJA1, but is less well studied. We found that it is biologically distinct from DJA1: only DJA2 could promote folding of the model substrate luciferase, but both promoted CHIP-mediated degradation of the hERG potassium channel at the ER \[[@pone.0220984.ref029], [@pone.0220984.ref030]\]. The role of DJA2 with regard to CFTR at the ER remains unclear.

The Hsc70-CHIP complex also functions in cell surface quality control by promoting lysosomal degradation of mature misfolded CFTR at the plasma membrane (PM). Hsp90 is also implicated in this function, as well as the co-chaperone HOP \[[@pone.0220984.ref031]\], which connects Hsp90 with Hsc70 \[[@pone.0220984.ref032], [@pone.0220984.ref033]\]. Interestingly, while Hsc70 and DJA1 act in mature CFTR degradation, Hsp70 and DJA2 have little effect \[[@pone.0220984.ref031]\]. In contrast, DJA2 and Hsc70 maintain the channel activity of misfolded mature ΔF508-CFTR, whereas DJA1 and Hsp70 cannot \[[@pone.0220984.ref034]\]. Artificial induction of a heat shock response, which includes upregulation of Hsp70, Hsp90 and DJB1, also promotes ΔF508-CFTR activity at the PM, but a similar effect was achieved by small molecule activation of Hsp90 alone \[[@pone.0220984.ref034]\]. A question then arises about the role of Hsp70 at the PM, and by extension at the ER, as most early experiments focused on Hsc70.

In recent years, small molecule inhibitors of Hsc70/Hsp70 have become available, and many are being studied for their anti-tumour properties. Apoptozole and VER155008 fill the ATP-binding pocket of Hsc70/Hsp70 and compete with nucleotide binding \[[@pone.0220984.ref035]--[@pone.0220984.ref038]\]. 2-Phenylethynesulfonamide/pifithrin-μ and related compounds target the substrate binding domain \[[@pone.0220984.ref039], [@pone.0220984.ref040]\]. Other compounds, including MKT077 and YK5 and their derivatives, act allosterically on the nucleotide-binding domain without competing for nucleotide \[[@pone.0220984.ref041]--[@pone.0220984.ref045]\]. These compounds are important new tools for assessing the role of Hsp70 chaperones in cells.

There has in addition been much effort in finding small molecules that improve the trafficking or channel function of CFTR mutants directly \[[@pone.0220984.ref046]\]. Corrector compounds such as VX809 stabilize the structure of ΔF508-CFTR \[[@pone.0220984.ref047]--[@pone.0220984.ref049]\]. VX809 (lumacaftor) is approved for clinical use in combination with another compound VX770 (ivacaftor) that enhances channel activity \[[@pone.0220984.ref050], [@pone.0220984.ref051]\]. Although this treatment is only partially effective, drug combinations are expected to be the future of CF pharmacotherapy \[[@pone.0220984.ref052], [@pone.0220984.ref053]\].

While the folding and degradation roles of Hsc70/Hsp70 have been studied separately, whether the net activity favours maturation or ERAD of CFTR has not been directly addressed. Therefore, we examined the net effects of the Hsc70/Hsp70 chaperones and the DJA1 and DJA2 co-chaperones for CFTR, using knockdown and overexpression experiments. Remarkably, Hsp70 negatively affected mature CFTR amounts. We identified effects of DJA2 on ERAD, and Hsp70 on lysosomal degradation of CFTR. Furthermore, MKT077 rescued levels of mature wild-type and ΔF508-CFTR, enhancing channel activity when combined with VX809. We propose a model in which a balance of chaperone activities regulate the degradation of CFTR in cells.

Results {#sec002}
=======

Optimum levels of Hsp70 and DJAs are required for mature CFTR {#sec003}
-------------------------------------------------------------

Hsc70/Hsp70 has opposing roles in CFTR biosynthetic folding and ERAD. To determine which role may be predominant, they were depleted by knockdown using a mixture of three siRNA duplexes, in HeLa cells stably expressing 3HA-tagged CFTR. Total Hsc70 and Hsp70 expression was depleted to around 27% of non-silencing control ([Fig 1A](#pone.0220984.g001){ref-type="fig"}). Mature CFTR, detected at steady-state as the complex-glycosylated band C form (\~170 kDa), remarkably increased around 4-fold in amount upon Hsc70/Hsp70 knockdown ([Fig 1A](#pone.0220984.g001){ref-type="fig"}). To address effects on CFTR biosynthesis, maturation kinetics were measured using radiolabeled pulse-chase experiments upon knockdown of Hsc70/Hsp70 to around 48% of control. CFTR was radiolabelled in the above cells and maturation was monitored over a 3 h chase. Consistent with previous reports \[[@pone.0220984.ref003], [@pone.0220984.ref031], [@pone.0220984.ref054]\], immature core-glycosylated band B CFTR at the ER (\~140 kDa) disappeared rapidly over the course of 3 h, with a fraction of immature CFTR trafficking past the Golgi to be processed into mature band C ([Fig 1B](#pone.0220984.g001){ref-type="fig"}). Although the rate of band B disappearance was not affected by Hsc70/Hsp70 depletion, band C was significantly increased above the control ([Fig 1B](#pone.0220984.g001){ref-type="fig"}). The larger effect observed at steady-state ([Fig 1A](#pone.0220984.g001){ref-type="fig"}) suggested that the small biosynthetic effect may be cumulative, or that PM quality control is also being affected. Although mature CFTR is known to be degraded in lysosomes \[[@pone.0220984.ref031]\], addition of the lysosome inhibitor chloroquine had no effect on the pulse-chase, confirming that only biosynthetic trafficking was being measured ([S1 Fig](#pone.0220984.s001){ref-type="supplementary-material"}).

![Hsc70/Hsp70 suppresses levels of mature CFTR.\
(A) Immunoblot (IB) of CFTR-3HA stably expressed in HeLa cells and transfected with siRNA against Hsc70 and Hsp70 (si-Hsc/p70) or non-silencing (NS) siRNA. Mature complex-glycosylated band C and immature core-glycosylated band B forms of CFTR are marked. Knockdown of Hsc70/Hsp70 was monitored by immunoblot and quantified as percentage of non-silencing control. Quantitation of band C is shown relative to amounts in non-silencing control, n = 3. (B) Pulse-chase autoradiograph of CFTR-3HA in HeLa cells treated as in (A). Knockdown of Hsc70/Hsp70 was monitored by immunoblot and quantified as percentage of non-silencing control. Quantitations of bands B and C are shown relative to initial amounts of band B, n = 5. (C) Immunoblot of HEK293 cells transfected with CFTR-3HA and Flag-Hsp70 or vector control. Expression of Flag-Hsp70 was detected by immunoblot. Quantitation of bands B and C are shown relative to vector control, n = 3. (D) Pulse-chase autoradiograph of CFTR-3HA in HEK293 cells treated as in (C). Expression of Flag-Hsp70 was monitored by immunoblot. Quantitations of bands B and C are shown, n = 6. Error bars show standard deviation from the mean, \* p\<0.05, \*\* p\<0.01, \*\*\* p\<0.001.](pone.0220984.g001){#pone.0220984.g001}

Depletion of Hsc70/Hsp70 led to a partial heat shock response (HSR) with increases in DJB1, Hsp90, and to a small degree DJA1 ([S2A Fig](#pone.0220984.s002){ref-type="supplementary-material"}). DJB1 alone does not affect CFTR trafficking, but the increase in Hsp90 may contribute to the effects in [Fig 1A and 1B](#pone.0220984.g001){ref-type="fig"}. However, activation of Hsp90 is thought to be limiting for its function, rather than its total amount, as observed with co-chaperones and small molecules \[[@pone.0220984.ref011], [@pone.0220984.ref034]\]. A modest unfolded protein response (UPR) was observed by upregulation of BiP but not CHOP, compared to the thapsigargin positive control ([S2A and S2B Fig](#pone.0220984.s002){ref-type="supplementary-material"}). However, the UPR decreases trafficking and increases ERAD of CFTR \[[@pone.0220984.ref055]\], opposite to our observations. The depletion of Hsc70/Hsp70 is thus likely to have some direct effect on CFTR.

The reciprocal experiments with Hsp70 overexpression were conducted. Hsp70 was used because its expression in HEK293 cells was much higher than that of Hsc70 when co-transfected with CFTR, and at a level comparable to total endogenous Hsc70 and Hsp70 \[[@pone.0220984.ref044]\]. At steady state, CFTR band C was decreased to about 50% with Hsp70 compared to vector control ([Fig 1C](#pone.0220984.g001){ref-type="fig"}). In pulse-chase experiments, approximately 20% of initially radiolabelled band B matured into band C ([Fig 1D](#pone.0220984.g001){ref-type="fig"}), consistent with previous studies \[[@pone.0220984.ref003], [@pone.0220984.ref005]\]. Hsp70 overexpression reduced the amount of mature band C present by around half compared to vector control, although it did not alter the disappearance of band B ([Fig 1D](#pone.0220984.g001){ref-type="fig"}). The knockdown and overexpression experiments thus yielded internally consistent results that suggest Hsc70/Hsp70 suppresses the level of mature CFTR.

We further investigated the co-chaperones DJA1 and DJA2. By assisting either folding or CHIP-mediated degradation, they may also have opposing roles. At steady-state, knockdown of DJA1 decreased band C, and depletion of DJA2 had a modest but still significant effect ([Fig 2A](#pone.0220984.g002){ref-type="fig"}). In pulse-chase assays, knockdown of DJA1 and DJA2 caused identical decreases in the mature band C produced relative to non-silencing conditions, while band B disappearance was not affected ([Fig 2B](#pone.0220984.g002){ref-type="fig"}). Co-chaperone depletion showed little sign of HSR or UPR ([S2A and S2B Fig](#pone.0220984.s002){ref-type="supplementary-material"}). These results suggest that DJA2 may also have a role in CFTR folding and trafficking.

![Optimal levels of DJA2 are important for mature CFTR.\
(A) Immunoblot (IB) of CFTR-3HA stably expressed in HeLa cells and transfected with siRNA against DJA1 (si-DJA1) or DJA2 (si-DJA2) or non-silencing (NS) siRNA. Knockdown of DJA1 and DJA2 was monitored by immunoblot and quantified as percentage of non-silencing control. Quantitation of band C is shown relative to amounts in non-silencing control, n = 8. (B) Pulse-chase autoradiograph of CFTR-3HA in HeLa cells treated as in (A). Knockdown of DJA1 and DJA2 was monitored by immunoblot and quantified as percentage of non-silencing control. Quantitations of bands B and C are shown relative to initial amounts of band B, n = 4. (C) Immunoblot of HEK293 cells transfected with CFTR-3HA and myc-DJA1, myc-DJA2 or vector control. Expression of myc-DJA1 and myc-DJA2 was detected by immunoblot, appearing as double bands due to variable processing \[[@pone.0220984.ref030]\]. Quantitation of bands B and C are shown relative to vector control, n = 8. (D) Pulse-chase autoradiograph of CFTR-3HA in HEK293 cell treated as in (C). Expression of myc-DJA1 and myc-DJA2 was monitored by immunoblot. Quantitations of bands B and C are shown, n = 3. Error bars show standard deviation from the mean, \* p\<0.05, \*\* p\<0.01, \*\*\* p\<0.001.](pone.0220984.g002){#pone.0220984.g002}

The effects of overexpressing DJA1 or DJA2 were then compared. At steady state, DJA1 increased the total amount of bands B and C to similar degrees ([Fig 2C](#pone.0220984.g002){ref-type="fig"}). Unexpectedly, DJA2 changed the distribution between bands B and C, so that the immature form predominated ([Fig 2C](#pone.0220984.g002){ref-type="fig"}). Band B shifted from around 30% of total CFTR in the vector control or with DJA1, to around 60% with DJA2. The large increase in total CFTR with DJA2 was most likely due to a large change in CFTR mRNA, around 3-fold above vector control, caused by DJA2 co-expression, while DJA1 had no such effect ([S3 Fig](#pone.0220984.s003){ref-type="supplementary-material"}). Taking expression level into account, DJA2 may have an overall negative effect on CFTR trafficking. In pulse-chase experiments, expression differences are accounted for by normalizing to the pulse label before chase and it was observed that DJA2 caused a decrease in band C levels below that of vector control conditions, and a small increase in band B ([Fig 2D](#pone.0220984.g002){ref-type="fig"}). In contrast, DJA1 overexpression had no effect on CFTR trafficking kinetics.

These data suggest that although DJA1 can promote both folding and degradation by Hsc70 and CHIP, its net effect in cells favours CFTR maturation. In contrast, the net effect of Hsc70/Hsp70 is to inhibit trafficking. DJA2 may be less important for biosynthetic folding of CFTR, but in excess it interferes with maturation. We propose that an optimum balance of Hsc70/Hsp70 and its DJA co-chaperones is needed for CFTR maturation, and that CFTR is highly sensitive to disruption of the chaperone system.

DJA2 and Hsp70 promote degradation of CFTR {#sec004}
------------------------------------------

The effects of DJA depletion could be attributed to impaired folding of CFTR, but the loss of mature CFTR caused by overexpression of DJA2 could be more complex. One possibility is that ERAD of newly synthesized CFTR could be increased. Alternatively, overexpression of DJA2 may delay export of CFTR from the ER as evidenced by a moderate increase in immature band B CFTR ([Fig 2D](#pone.0220984.g002){ref-type="fig"}). To address these questions efficiently, we used HEK293-Tet-On cells transfected with doxycycline-inducible CFTR, with DJA2 co-expressed under a constitutive CMV promoter ([Fig 3A](#pone.0220984.g003){ref-type="fig"}). This allowed us to turn on CFTR expression in an environment with a defined pre-existing population of DJA2 for comparison to vector control conditions. This approach has the added advantage that both immature band B and mature band C are observed in a single experiment. After 6 h of induction, bands B and C were both visible, and the amount of band C produced represented approximately 30% of the band B levels ([Fig 3B and 3C](#pone.0220984.g003){ref-type="fig"}), consistent with the pulse-chase studies ([Fig 2D](#pone.0220984.g002){ref-type="fig"}). Neither overexpression nor knockdown of chaperones or co-chaperones used below, affected starting levels of bands B and C after 6 h induction ([Fig 3B](#pone.0220984.g003){ref-type="fig"}).

![DJA2 decreases maturation of CFTR.\
(A) Schematic of CFTR induction and cycloheximide chase experiments. (B) Quantitation of CFTR-3HA expression in HEK293 Tet-On cells detected by immunoblot after 6 h doxycycline treatment with different co-expression conditions. The amount of band B in the vector control is set to 100% for comparisons of both band B and C levels. (C) Immunoblot of CFTR-3HA induced for 6 h, then chased with CHX for 0 to 3 h, in the presence of co-expressed myc-DJA2, myc-DJA2ΔJ or vector control. Parallel experiments contained MG132 or vehicle control. Expression of myc-DJA2 and myc-DJA2ΔJ was monitored by immunoblot. (D) Quantitations of CFTR bands B and C in the presence of DJA2 from (C) are shown relative to initial amounts at the start of CHX chase, n = 8 with vehicle control, n = 6 with MG132. (E) Quantitations of CFTR bands B and C in the presence of DJA2ΔJ from (C) are shown relative to initial amounts, n = 6. (F) Immunoblot of CFTR-3HA induced and chased as in (C) except with co-expressed myc-DJA1. (G) Quantitations of CFTR bands B and C in the presence of DJA1 from (F) are shown relative to initial amounts, n = 4. Error bars show standard deviation from the mean, \* p\<0.05, \*\* p\<0.01, \*\*\* p\<0.001.](pone.0220984.g003){#pone.0220984.g003}

Following the 6 h induction, cells were chased in cycloheximide (CHX) for 3 h under different conditions ([Fig 3A](#pone.0220984.g003){ref-type="fig"}). In control conditions, less than 20% of initial band B remained, whereas 80% of band C remained after 3 h ([Fig 3C and 3D](#pone.0220984.g003){ref-type="fig"}). The kinetics of band B disappearance was similar to that observed by pulse-chase and representing normal biosynthesis ([Fig 2D](#pone.0220984.g002){ref-type="fig"}). Consistent with the pulse-chase results, DJA2 overexpression caused a steep decrease in band C to below 40% of the initial levels, compared to 80% in the vector control, with no difference observed in band B levels ([Fig 3C and 3D](#pone.0220984.g003){ref-type="fig"}). To verify that the reduction in CFTR band C levels was specific to functional DJA2, we tested the effect with a deletion mutant lacking the J-domain (DJA2ΔJ), shown to be defective in interaction with Hsp70 \[[@pone.0220984.ref030]\]. Overexpression of DJA2ΔJ did not alter band B levels, and contrary to DJA2 overexpression, only mildly decreased band C levels relative to vector control ([Fig 3C and 3E](#pone.0220984.g003){ref-type="fig"}).

To address if DJA2 accelerates ERAD of CFTR, we performed experiments in the presence of the proteasome inhibitor MG132. In control cells, MG132 significantly increased the amount of band B, however this did not translate into an increased band C level ([Fig 3C and 3D](#pone.0220984.g003){ref-type="fig"}**)**. When DJA2 was overexpressed, MG132 treatment increased band B levels and restored band C levels to those originally observed in control cells ([Fig 3C and 3D](#pone.0220984.g003){ref-type="fig"}). This suggests that DJA2 increases ERAD of band B, resulting in less CFTR being available to mature into band C. MG132 treatment of cells overexpressing DJA2ΔJ also mimicked vector control conditions ([Fig 3C and 3E](#pone.0220984.g003){ref-type="fig"}). As expected, DJA1 overexpression had no effect on band B or C kinetics ([Fig 3F and 3G](#pone.0220984.g003){ref-type="fig"}). These results demonstrate that overexpression of DJA2 specifically targets CFTR for degradation through an ERAD pathway.

A possible mechanism by which DJA2 accelerates CFTR degradation is by direct binding of Hsc70/Hsp70 complexes with CHIP to CFTR. This would be consistent with the requirement for the J domain shown above, to activate polypeptide binding by Hsc70/Hsp70. However, DNAJB12 promotes ERAD independently of CHIP \[[@pone.0220984.ref025]\], so other mechanisms were possible. We thus asked whether DJA2 increases the amount of CFTR bound by Hsp70. CFTR was induced for 6 h, in the presence of overexpressed Hsp70, and either DJA2 or vector control. To prevent differences in degradation due to DJA2, the induction was carried out in the presence of MG132. The FLAG-tagged Hsp70 was immunoprecipitated, and bound CFTR detected. DJA2 overexpression caused a 2.1-fold increase in CFTR bound by Hsp70 ([Fig 4A](#pone.0220984.g004){ref-type="fig"}). The amount of CHIP bound by Hsp70 remained constant ([Fig 4A](#pone.0220984.g004){ref-type="fig"}). These observations, together with the DJA2ΔJ results in [Fig 3](#pone.0220984.g003){ref-type="fig"}, suggest that DJA2 acts by recruiting CFTR to Hsp70-CHIP complexes, without directly affecting CHIP itself.

![DJA2 promotes CFTR degradation via CHIP.\
(A) CFTR-3HA was induced for 6 h as in [Fig 3](#pone.0220984.g003){ref-type="fig"} except in the presence of MG132, with co-expressed Flag-Hsp70, or Flag-Hsp70 and myc-DJA2, or vector control. Flag-Hsp70 was immunoprecipitated (IP) and bound CFTR and CHIP detected by immunoblot (IB). Quantified CFTR and CHIP was normalized to the amount of Hsp70 in the IP, and shown as a percentage of the IP with Flag-Hsp70 and without myc-DJA2, n = 3. The species below CFTR band B is an antibody cross reaction that may be a non-glycosylated degradation intermediate. (B) Immunoblot of CFTR-3HA induced and chased as in [Fig 3](#pone.0220984.g003){ref-type="fig"} with co-expressed myc-DJA2 or vector control, with siRNA against CHIP or non-silencing (NS) siRNA. CHIP knockdown was monitored by immunoblot and quantified. (C) Quantitations of CFTR bands B and C from (B) are shown relative to initial amounts, n = 4. Error bars show standard deviation from the mean, \* p\<0.05, \*\*\* p\<0.001.](pone.0220984.g004){#pone.0220984.g004}

We next examined the induction-chase kinetics of CFTR upon CHIP knockdown. Endogenous CHIP expression levels were depleted to approximately 57% of non-silencing controls ([Fig 4B](#pone.0220984.g004){ref-type="fig"}). In control conditions without DJA2 transfection, CHIP depletion moderately increased band C to around 105% of initial levels, compared to the 80% in non-silencing conditions ([Fig 4B and 4C](#pone.0220984.g004){ref-type="fig"}). Although no change in band B levels was observed, a decrease in CHIP-mediated ERAD appeared to allow increased maturation. CHIP depletion in DJA2 overexpressed conditions was able to restore band C above the levels in non-silencing controls overexpressing DJA2 ([Fig 4B and 4C](#pone.0220984.g004){ref-type="fig"}). These results are consistent with the MG132 studies above and support the conclusion that excess DJA2 specifically promotes ERAD of CFTR through Hsc70/Hsp70 and CHIP, leading to impaired forward trafficking.

We next investigated effects of Hsp70 overexpression on CFTR using the induction-chase protocol. Similar to the pulse-chase experiments ([Fig 1D](#pone.0220984.g001){ref-type="fig"}), overexpression of Hsp70 led to a rapid decline in band C compared to vector control, to around 45% of initial levels ([Fig 5A and 5B](#pone.0220984.g005){ref-type="fig"}). As we established that DJA2 promoted ERAD of immature CFTR through CHIP, it seemed likely that overexpressed Hsp70 acted the same way. MG132 treatment of cells overexpressing Hsp70 displayed increased band B levels in a similar fashion to vector control conditions, but had no effect on restoring the loss of band C ([Fig 5A and 5B](#pone.0220984.g005){ref-type="fig"}). These results are contrary to those with DJA2 ([Fig 3C and 3D](#pone.0220984.g003){ref-type="fig"}) suggesting that Hsp70 suppresses mature CFTR through mechanisms other than ERAD.

![Hsp70 promotes lysosomal degradation of CFTR.\
(A) Immunoblot of CFTR-3HA induced and chased as in [Fig 3](#pone.0220984.g003){ref-type="fig"} with co-expressed Flag-Hsp70 or vector control, in the presence of either MG132, CQ, or vehicle control. (B) Quantitations of CFTR bands B and C from (A) are shown relative to initial amounts, without or with MG132 treatment, n = 5. Control data for MG132 treatment from [Fig 3D](#pone.0220984.g003){ref-type="fig"} are shown here for comparison. (C) Quantitations of CFTR bands B and C from (A) are shown relative to initial amounts, without or with CQ treatment, n = 4. (D) Immunoblot of 3 h CHX chase of HEK293 Tet-On cells transfected with RhoB and either Flag-Hsp70 or vector control, without or with CQ treatment. Quantitation of RhoB is shown relative to initial amounts at the start of chase, n = 5. Error bars show standard deviation from the mean, \* p\<0.05, \*\* p\<0.01, \*\*\* p\<0.001.](pone.0220984.g005){#pone.0220984.g005}

As Hsp70 overexpression did not change the levels of band B during the chase, there was no indication that forward trafficking of CFTR was impaired. Therefore we addressed whether Hsp70 overexpression directed mature CFTR towards degradation. Induction-chase experiments were performed in the presence of chloroquine (CQ) to inhibit lysosomal proteases by raising the organellar pH. In vector transfected cells, and as expected, CQ did not affect band B, but caused a moderate increase in band C during the chase ([Fig 5A and 5C](#pone.0220984.g005){ref-type="fig"}). However, CQ treatment of cells overexpressing Hsp70 was able to restore band C levels to that in the control cells ([Fig 5A and 5C](#pone.0220984.g005){ref-type="fig"}). Taken together, our results suggest that excess Hsp70 acts primarily to target mature CFTR for lysosomal degradation, while DJA2, when in excess, works with endogenous levels of Hsc70/Hsp70 to favour ERAD of CFTR.

To test whether Hsp70 overexpression accelerates lysosomal degradation of substrates in a non-specific manner, we assessed the degradation of the bona fide lysosome substrate RhoB \[[@pone.0220984.ref056]\]. In vector-transfected conditions, 20% of RhoB is degraded within 3 h of CHX chase, but CQ treatment prevented turnover ([Fig 5D](#pone.0220984.g005){ref-type="fig"}). Overexpression of Hsp70 did not alter the starting levels of RhoB, nor the rate of degradation ([Fig 5D](#pone.0220984.g005){ref-type="fig"}), thus suggesting that Hsp70 specifically directs CFTR for lysosomal degradation.

Previous studies from Lukacs *et al*. identified a role for Hsc70/Hsp70 and its co-chaperones in internalization and lysosomal targeting of rescued ΔF508-CFTR from the plasma membrane \[[@pone.0220984.ref031]\]. Using siRNA screening, they showed that Hsc70 but not Hsp70 was required, and that CHIP ubiquitination was the major mechanism. Furthermore, there was evidence of roles for DJA1 and the co-chaperone HOP that links Hsc70/Hsp70 to Hsp90 \[[@pone.0220984.ref031], [@pone.0220984.ref033]\]. Here, our results on native, wild-type CFTR suggest that Hsp70 is important for its lysosomal targeting, and there was no evidence of a role for DJA1. Hsc70 co-transfection levels in HEK293 were too low for us to make reliable conclusions, thus, the involvement of CHIP and HOP in Hsp70 directed lysosomal degradation was examined.

We used siRNA to knock down either CHIP or HOP individually to 57% and 50% of non-silencing control, respectively, and performed induction-chase experiments. As reported above, in vector control conditions, CHIP knockdown increased band C, but interestingly depletion of HOP failed to alter CFTR band B and C levels ([Fig 6A, 6B and 6C](#pone.0220984.g006){ref-type="fig"}), suggesting that HOP plays a minimal role in degradation of CFTR. When Hsp70 was overexpressed, knockdown of CHIP was able to completely restore band C levels to those in vector controls ([Fig 6A and 6B](#pone.0220984.g006){ref-type="fig"}), whereas HOP knockdown had no effect ([Fig 6A and 6C](#pone.0220984.g006){ref-type="fig"}). This indicated that the lysosomal degradation of CFTR induced by Hsp70 was through CHIP, and that Hsp70 complexes with HOP and Hsp90 appear not to be involved. This role of Hsp70 is distinct from that regulated by DJA2.

![CHIP but not HOP acts in Hsp70-mediated degradation.\
(A) Immunoblot of CFTR-3HA induced and chased as in [Fig 3](#pone.0220984.g003){ref-type="fig"} with co-expressed Flag-Hsp70 or vector control, in the presence of siRNA against CHIP, HOP, or non-silencing (NS) siRNA. CHIP and HOP knockdown was verified by immunoblot and quantified. (B) Quantitations of CFTR bands B and C from (A) are shown relative to initial amounts, with CHIP knockdown, n = 3. Control data for CHIP knockdown from [Fig 4C](#pone.0220984.g004){ref-type="fig"} are shown here for comparison. (C) Quantitations of CFTR bands B and C from (A) are shown relative to initial amounts, with HOP knockdown, n = 3. Error bars show standard deviation from the mean, \*\* p\<0.01, \*\*\* p\<0.001.](pone.0220984.g006){#pone.0220984.g006}

Inhibition of Hsp70 slows degradation of mature CFTR {#sec005}
----------------------------------------------------

The suppression of CFTR by Hsp70 suggested that it could be relieved by small molecule inhibitors of the chaperone. Among the established inhibitors, VER155008 is a direct competitor of ATP in the binding pocket of Hsp70 \[[@pone.0220984.ref036], [@pone.0220984.ref037]\] whereas MKT077 is an allosteric inhibitor with high affinity for the ADP-bound state of Hsp70 \[[@pone.0220984.ref041], [@pone.0220984.ref042]\]. We first evaluated the effect of these two inhibitors on CFTR expression levels under steady state conditions. Remarkably, MKT077 significantly increased band C levels almost two-fold over vehicle control, while somewhat decreasing band B levels ([Fig 7A](#pone.0220984.g007){ref-type="fig"}). In contrast, treatment with VER155008 led to a significant decrease in band C levels to around 40% of control, with band B levels decreased even more ([Fig 7A](#pone.0220984.g007){ref-type="fig"}). The kinetics of CFTR trafficking were next analyzed by pulse-chase experiments. VER155008 treatment almost completely abolished band C maturation with a slight reduction in band B levels, while MKT077 had no effect when compared to controls ([Fig 7B](#pone.0220984.g007){ref-type="fig"}). The data with the strong inhibitor VER155008 are consistent with the steady-state levels observed in [Fig 7A](#pone.0220984.g007){ref-type="fig"}, and indicate that Hsc70/Hsp70 is indeed required for efficient biosynthetic CFTR folding. In contrast, inhibition of Hsc70/Hsp70 by MKT077 may primarily affect mature CFTR, to prevent its turnover. This positive effect of MKT077 is consistent with the control of mature CFTR degradation by Hsp70 alone. MKT077 did not affect the interaction of CHIP with Hsp70 in immunoprecipitations ([S4 Fig](#pone.0220984.s004){ref-type="supplementary-material"}), and had no impact on cell viability under the conditions used ([S5 Fig](#pone.0220984.s005){ref-type="supplementary-material"}). The drug did not cause an HSR, and while a mild UPR was observed ([S2A and S2B Fig](#pone.0220984.s002){ref-type="supplementary-material"}), it did not change CFTR maturation kinetics ([Fig 7B](#pone.0220984.g007){ref-type="fig"}).

![Hsp70 inhibitor MKT077 slows degradation of mature CFTR.\
(A) Immunoblot (IB) of CFTR-3HA stably expressed in HeLa cells treated with 10 μM MKT077, 50 μM VER155008 or vehicle control for 24 h. Quantitations of CFTR bands B and C are shown, relative to amounts of each in vehicle treated samples, n = 5. (B) Pulse-chase autoradiograph of CFTR as in [Fig 1B](#pone.0220984.g001){ref-type="fig"}, in the above cells, chased in the presence of 10 μM MKT077, 50 μM VER155008 or vehicle control. Quantitations of CFTR bands B and C are shown relative to initial amounts of band B, n = 3. (C) Immunoblot of cells treated as in (A) except with 10 μM MKT077, 100 μM CQ or both, or vehicle control. Quantitation of CFTR band C is shown relative to amounts in vehicle treated samples, n = 8 for MKT077, n = 4 for CQ with and without MKT077. (D) Immunoblot of CFTR-3HA in the above cells chased for 5 h in the presence of CHX and 10 μM MKT077 or vehicle control. Quantitations of CFTR bands B and C are shown relative to initial amounts of each, n = 5. (E) Cells were treated as in (A) with 10 μM MKT077 or vehicle control, cell surface biotinylated and pulled down with streptavidin beads. CFTR-3HA and tubulin control were detected by immunoblot in input lysate and biotinylated samples. CFTR band C in biotinylated samples was quantified relative to amounts in vehicle controls, n = 4. (F) The above cells were cell surface biotinylated without any treatment, then chased for 7.5 h in the presence of 10 μM MKT077 or vehicle control. Biotinylated CFTR-3HA was pulled down and detected by immunoblot as in (E). Quantitation of biotinylated CFTR band C is shown relative to the initial amount, with data fit to delayed one phase decay curves, n = 4. (G) Iodide efflux time courses of CFTR in the above cells treated with 10 μM MKT077 or vehicle control for 24 h. Cell surface CFTR was stimulated with cAMP cocktail and iodide efflux from cells was measured, relative to the total iodide released by detergent, n = 6. Error bars show standard deviation from the mean, \* p\<0.05, \*\* p\<0.01, \*\*\* p\<0.001.](pone.0220984.g007){#pone.0220984.g007}

To establish that MKT077 affects mature CFTR, it was combined with CQ treatment. Additive effects of these inhibitors are expected when they act on independent mechanisms, but not if they block the same lysosomal degradation pathway. MKT077 and CQ increased band C levels by 2.2-fold and 2.5-fold, respectively, but the combination was not significantly more effective at 2.8-fold ([Fig 7C](#pone.0220984.g007){ref-type="fig"}). This result is consistent with MKT077 blocking lysosomal degradation of mature CFTR. The stability of total mature CFTR was addressed by CHX chase in the presence or absence of MKT077. Similar to induction-chase experiments, the levels of band C reflect the combined impact of anterograde trafficking and turnover of the mature protein. In vehicle controls, band C levels were fairly stable over a 5 h chase period ([Fig 7D](#pone.0220984.g007){ref-type="fig"}). Treatment with MKT077 led to a small increase in band C levels across all chase time points ([Fig 7D](#pone.0220984.g007){ref-type="fig"}), however this small effect may not account for the substantial increase observed at steady-state.

Band C comprises CFTR in all post-Golgi compartments. To quantify the PM population we used cell surface biotinylation. Cells treated with MKT077 or vehicle control were labelled with membrane-impermeable biotin, and CFTR pulled down on streptavidin beads. MKT077 increased cell surface CFTR by 2.27-fold ([Fig 7E](#pone.0220984.g007){ref-type="fig"}), in agreement with effects on total mature CFTR ([Fig 7A](#pone.0220984.g007){ref-type="fig"}). The biotinylation was specific for cell surface protein as shown by the lack of band B or tubulin in the pulldowns ([Fig 7E](#pone.0220984.g007){ref-type="fig"}). The turnover kinetics of PM CFTR were assessed by biotinylating the cell surface in the absence of MKT077, then adding drug and monitoring biotinylated CFTR over time. In vehicle controls, a significant amount of labelled WT CFTR is degraded during the 7.5 h chase period ([Fig 7F](#pone.0220984.g007){ref-type="fig"}). Treatment with MKT077 delayed the loss of biotinylated CFTR, with effects most clearly observed at the 1.5 h and 3 h time points ([Fig 7F](#pone.0220984.g007){ref-type="fig"}). The MKT077 data could only be fitted to a one-phase decay model by including a delay of around 1 h, whereas control data showed no delay. The half-life increased from 1.9 h for the control, to 3.2 h with MKT077. These results suggest that MKT077 blocks the ability of Hsp70 to target cell surface CFTR for degradation.

We next measured CFTR channel function in the presence or absence of MKT077 using iodide efflux assays. In vehicle control cells, CFTR displayed a maximal cAMP stimulated efflux response equivalent to 25% of the total iodide present in the cells, while treatment with MKT077 led to a reduction in channel function ([Fig 7G](#pone.0220984.g007){ref-type="fig"}). Although MKT077 clearly increases CFTR at the PM ([Fig 7A and 7E](#pone.0220984.g007){ref-type="fig"}), the decreased channel function suggests an accumulated pool of inactive CFTR at the cell surface.

The increase in mature CFTR levels with MKT077 raises the possibility that it could be used to rescue the ΔF508 disease mutant. However, since the chaperone requirements for WT and ΔF508-CFTR are proposed to differ \[[@pone.0220984.ref016], [@pone.0220984.ref057]\], the effects on the WT channel could not be automatically presumed for the mutant. Correction of ΔF508-CFTR misfolding can be achieved either through growth at permissive temperatures of 27°C \[[@pone.0220984.ref058]\], or by treatment with pharmacological correctors such as VX809 \[[@pone.0220984.ref049]\]. We first compared the effect of MKT077 and VX809 treatment on HeLa cells stably expressing ΔF508-CFTR at 37°C. Treatment with VX809 rescued band C to approximately 35% of total, and this amount was set at 100% for comparison purposes ([Fig 8A](#pone.0220984.g008){ref-type="fig"}). As previously established, band C in untreated controls was around 7% of total, or 20% relative to the VX809 condition. MKT077 alone caused a small increase in band C to \~ 60% that with VX809 ([Fig 8A](#pone.0220984.g008){ref-type="fig"}). Interestingly, the combination of VX809 and MKT077 led to a synergistic increase in band C levels, to two-fold above that with VX809 alone ([Fig 8A](#pone.0220984.g008){ref-type="fig"}). We repeated the experiment under the permissive temperature, where similar to previous data, band C levels were approximately 20% of the total. Treatment with VX809 led to a large increase in band C levels and this was again set to 100%. Under these conditions, MKT077 alone or in combination with VX809 did not further increase the band C levels ([Fig 8A](#pone.0220984.g008){ref-type="fig"}).

![Combination of MKT077 with VX809 rescues ΔF508-CFTR expression.\
(A) Immunoblot (IB) of ΔF508-CFTR-3HA stably expressed in HeLa cells grown at either 37°C or the permissive temperature of 27°C and treated with 3 μM VX809, 10 μM MKT077 or both, or vehicle control for 24 h. Quantitations of CFTR bands B and C are shown relative to amounts of each in VX809 treated samples, n = 4 for MKT077, n = 9 for VX809 with and without MKT077. (B) Pulse-chase autoradiograph of ΔF508-CFTR in the above cells, chased in the presence of 3 μM VX809 with or without 10 μM MKT077, or vehicle control. Quantitations of CFTR bands B and C are shown relative to the initial amount of band B, n = 3. (C) The above cells were treated with 3 μM VX809, and either 10 μM MKT077, 100 nM Bafilomycin A1 (BAF) or both, or vehicle control, for 24 h. Quantitation of CFTR band C is shown relative to amounts in VX809 treated samples, n = 9 for MKT077, n = 4 for BAF with or without MKT077. (D) Immunoblot of ΔF508-CFTR in the above cells treated with 3 μM VX809 for 24 h and chased for 5 h in the presence of CHX and 3 μM VX809 and either 10 μM MKT077 or vehicle control. Quantitations of CFTR bands B and C are shown relative to initial amounts of each, n = 4. (E) The above cells were treated with 3 μM VX809 and either 10 μM MKT077 or vehicle control for 24 h, cell surface biotinylated and pulled down with streptavidin beads. CFTR-3HA and tubulin control were detected by immunoblot in input lysate and biotinylated samples. CFTR band C in biotinylated samples was quantified relative to amounts in vehicle controls, n = 3. (F) The above cells were grown at 27°C in the presence of 3 μM VX809 for 24 h, then cell surface biotinylated and chased at 37°C for 7.5 h in the presence of 3 μM VX809 and either 10 μM MKT077 or vehicle control. Biotinylated ΔF508-CFTR-3HA was pulled down and detected by immunoblot as in (E). Quantitation of biotinylated ΔF508-CFTR band C relative to the initial amount is shown, with data fit to delayed one phase decay curves, n = 4. Error bars show standard deviation from the mean, \* p\<0.05, \*\* p\<0.01, \*\*\* p\<0.001.](pone.0220984.g008){#pone.0220984.g008}

To determine if the increase in band C levels upon combined treatment of VX809 and MKT077 is due to increased biosynthetic folding and trafficking, pulse-chase assays were performed. In untreated controls, barely any increase in band C was observed, and band B levels decreased rapidly, as expected. Treatment with VX809 promoted significant maturation of ΔF508-CFTR up to 25% of the initially radiolabeled material, whereas the combination of VX809 and MKT077 did not further increase CFTR maturation ([Fig 8B](#pone.0220984.g008){ref-type="fig"}). These results suggest that Hsp70 inhibition by MKT077 stabilizes rescued ΔF508-CFTR at a stage after initial biosynthesis. As a further test of this idea, MKT077 treatment was compared with inhibition of lysosomal degradation by the proton pump blocker Bafilomycin A1. Opposite to WT CFTR, the lysosome inhibitor had no effect on ΔF508-CFTR band C levels in the presence of VX809, and it did not affect the increase in band C caused by MKT077 ([Fig 8C](#pone.0220984.g008){ref-type="fig"}). These results suggest that only a minor fraction of VX809-stablilized mature ΔF508-CFTR was degraded in lysosomes, and likely would not account for the additional rescue caused by MKT077.

To assess the stability of rescued ΔF508-CFTR, it was expressed in the presence of VX809 at 37°C for 24 h, and chased with CHX in the presence of VX809 with or without MKT077. In controls with VX809 alone, band B levels were reduced rapidly and band C levels declined more slowly to around 75% of the starting material ([Fig 8D](#pone.0220984.g008){ref-type="fig"}). Notably, addition of MKT077 caused a steady increase in band C levels by more than 1.6-fold ([Fig 8D](#pone.0220984.g008){ref-type="fig"}). This increase must be due to increased maturation, but at slower time scales than in the pulse-chase ([Fig 8B](#pone.0220984.g008){ref-type="fig"}).

Next, the cell surface population of ΔF508-CFTR was examined. Treatment with MKT077 and VX809 resulted in a 1.5-fold increase in cell surface biotinylated band C, compared to VX809 alone ([Fig 8E](#pone.0220984.g008){ref-type="fig"}). Although the negative control tubulin was not detected, a small amount of band B was identified by biotin labelling ([Fig 8E](#pone.0220984.g008){ref-type="fig"}) which was most likely due to unconventional secretion from ER directly to PM bypassing the Golgi \[[@pone.0220984.ref059]\]. In support of this, a small amount of WT CFTR band B was also observed upon CQ treatment ([Fig 7C](#pone.0220984.g007){ref-type="fig"}). Unconventional secretion, however, could not explain the increase in Golgi-processed band C caused by MKT077 ([Fig 8A, 8D and 8E](#pone.0220984.g008){ref-type="fig"}). To measure turnover kinetics, ΔF508-CFTR was expressed with VX809 at the permissive temperature of 27°C in order to accumulate consistent amounts at the cell surface. Exposed CFTR was then biotin labeled and chased in the presence of VX809 with and without MKT077 at 37°C. MKT077 treatment modestly delayed the turnover of biotinylated ΔF508-CFTR compared to controls with only VX809 ([Fig 8F](#pone.0220984.g008){ref-type="fig"}). Fitting to a one-phase model showed a delay of around 1 h with MKT077, but the half-life was approximately the same as the control. Taken together, the results suggest that MKT077 inhibition of Hsp70 allows a population of ΔF508-CFTR to mature more slowly but more efficiently than the majority during biosynthesis ([Fig 8B and 8D](#pone.0220984.g008){ref-type="fig"}), eventually reaching the cell surface ([Fig 8E](#pone.0220984.g008){ref-type="fig"}), where its turnover may also be delayed ([Fig 8F](#pone.0220984.g008){ref-type="fig"}).

We next addressed the effect of MKT077 on ΔF508-CFTR function. Using iodide efflux assays, we assessed the function of ΔF508-CFTR treated with VX809, MKT077, or a combination thereof for 24 h. For comparison, the data for WT CFTR ([Fig 7G](#pone.0220984.g007){ref-type="fig"}) are shown here again. Vehicle treated cells displayed minimal profiles of iodide efflux activity, and MKT077 alone had no effect ([Fig 9A](#pone.0220984.g009){ref-type="fig"}). Cells treated with VX809 displayed a moderate increase in efflux, that was further enhanced about two-fold when MKT077 was added in combination with VX809 ([Fig 9A](#pone.0220984.g009){ref-type="fig"}). Thus, unlike the WT channel, the increase in rescued ΔF508-CFTR with MKT077 results in greater channel function at the cell surface.

![Combination of MKT077 with VX809 rescues ΔF508-CFTR function.\
(A) Iodide efflux time courses of ΔF508-CFTR stably expressed in HeLa cells treated with 3 μM VX809, 10 μM MKT077 or both or vehicle control for 24 h, as in [Fig 7G](#pone.0220984.g007){ref-type="fig"},. Profiles of WT CFTR from [Fig 7G](#pone.0220984.g007){ref-type="fig"} are shown for comparison. Right, quantitation of the maximal cAMP stimulated efflux response of ΔF508-CFTR is shown, n = 9 for VX809, n = 6 for MKT077 with or without VX809. (B) Left, Ussing Chamber traces of CFBE41o^-^ cells stably expressing ΔF508-CFTR treated with 3 μM VX809 and increasing concentrations of MKT077, or vehicle. VX809 and MKT077 were present throughout the entire recording to ensure constant exposure of ΔF508-CFTR to the compounds. CFTR-associated currents were stimulated with forskolin (Fsk) and genistein (Gen) and inhibited with CFTR inhibitor-172 (Inh-172). Right, quantitation of the CFTR-associated short circuit current (ΔI~SC~) in the indicated conditions, relative to that with VX809 treatment, n = 4 with paired t-tests. (C) Cells as in (B) were grown on inserts and treated with 3 μM VX809 and increasing concentrations of MKT077, or vehicle. ΔF508-CFTR was detected by immunoblot (IB) and band C quantified relative to amounts in VX809 treated samples, n = 2. Error bars show standard deviation from the mean, \* p\<0.05, \*\* p\<0.01, \*\*\* p\<0.001.](pone.0220984.g009){#pone.0220984.g009}

The experiments above were in model HeLa and HEK293 cells, and we wanted to examine MKT077 effects in an environment closer to that in patients. We therefore performed Ussing Chamber assays on CFBE41o^-^ bronchial epithelial cells stably expressing ΔF508-CFTR. The cells were cultured and polarized on inserts followed by treatment with VX809 and increasing concentrations of MKT077 for 24 h. VX809 and MKT077 were present in the bath solution during measurement to ensure that cell surface ΔF508-CFTR was exposed to a constant amount of drug. CFTR-associated currents were stimulated with forskolin and genistein, followed by inhibition with CFTR specific inhibitor 172 (Inh-172) \[[@pone.0220984.ref060]--[@pone.0220984.ref062]\]. VX809 treated samples displayed a larger stimulation of short circuit current (ΔI~SC~) of 3.6 μA/cm^2^ compared to vehicle treated samples at 1.6 μA/cm^2^ ([Fig 9B](#pone.0220984.g009){ref-type="fig"}). Titration of MKT077 from 3 nM to 1000 nM displayed a response curve with concentrations up to 30 nM displaying progressive increases in current up to a 35% above that with VX809 alone ([Fig 9B](#pone.0220984.g009){ref-type="fig"}), with higher concentrations displaying decreases in current. When the amounts of ΔF508-CFTR in the monolayer cells were examined, a consistent increase of about 40% in band C was observed with MKT077 compared to VX809 alone ([Fig 9C](#pone.0220984.g009){ref-type="fig"}). Thus, the positive effects of Hsp70 inhibition by MKT077 on rescued ΔF508-CFTR are observed in a bronchial epithelial cell line.

Discussion {#sec006}
==========

Taken together, our results outline how the Hsp70 chaperone system is balanced between the folding and degradation of immature and mature CFTR. The functional amounts of CFTR depend on the expression levels of specific chaperone components ([S6 Fig](#pone.0220984.s006){ref-type="supplementary-material"}). In agreement with previous reports \[[@pone.0220984.ref025]\], DJA1 primarily supports the folding of immature CFTR ([Fig 2](#pone.0220984.g002){ref-type="fig"}). In contrast, DJA2 has a unique role in inducing the degradation of immature CFTR, through J domain stimulation of Hsc70/Hsp70, that promotes chaperone-CHIP complexes with CFTR (Figs [2](#pone.0220984.g002){ref-type="fig"}, [3](#pone.0220984.g003){ref-type="fig"} and [4](#pone.0220984.g004){ref-type="fig"}). Although Hsc70/Hsp70 acts both in CFTR folding and degradation, its net effect is to suppress maturation ([Fig 1](#pone.0220984.g001){ref-type="fig"}), and promote lysosomal degradation of mature CFTR through CHIP (Figs [5](#pone.0220984.g005){ref-type="fig"} and [6](#pone.0220984.g006){ref-type="fig"}). Allosteric inhibition of Hsc70/Hsp70 by MKT077 enhances the population of mature CFTR and ΔF508-CFTR, by slowing turnover and allowing delayed maturation, respectively (Figs [7](#pone.0220984.g007){ref-type="fig"} and [8](#pone.0220984.g008){ref-type="fig"}). For ΔF508-CFTR, pharmacologic targeting of Hsc70/Hsp70 results in a partial rescue of its channel function ([Fig 9](#pone.0220984.g009){ref-type="fig"}). The positive effects of MKT077 are consistent with it acting on the net degradative function Hsc70/Hsp70, comparable to the experiments manipulating expression (Figs [1](#pone.0220984.g001){ref-type="fig"} and [5](#pone.0220984.g005){ref-type="fig"}), while complete inhibition with the ATP competitor VER155008 primarily blocks folding ([Fig 7](#pone.0220984.g007){ref-type="fig"}).

Our studies suggest that efficient rescue of ΔF508-CFTR can best be achieved by strategies targeting different mechanisms. The multiple barriers impeding ΔF508-CFTR include trafficking, function and biological stability. Correctors like VX809 (lumacaftor) target the trafficking defect of ΔF508-CFTR, while potentiators like VX770 (ivacaftor) increase channel function by acting on the gating mechanism of CFTR mutants. Current clinical treatment uses a combination of these two compounds \[[@pone.0220984.ref051]--[@pone.0220984.ref053]\]. Our studies demonstrate that the stability barrier of rescued ΔF508-CFTR can be circumvented by a new combination of mechanisms. While VX809 corrects the trafficking defect of ΔF508-CFTR, MKT077 allows the further accumulation of the rescued protein. MKT077 appears to increase the stability of ΔF508-CFTR against ERAD, relieving the suppression of maturation by Hsc70/Hsp70 over longer time scales. WT CFTR escapes ERAD more efficiently, and MKT077 increases its stability at the cell surface. In prinicple, MKT077 can affect Hsc70/Hsp70-mediated degradation of CFTR both during and after maturation. This raises the possibility that MKT077 treatment may also be effective against other misfolding CF mutations such as R560T, A561E, R1066C, N1303K (<http://www.cftr2.org/>) \[[@pone.0220984.ref052]\].

The degradation role of Hsp70 has important implications for the understanding of CF. The knockdown and VER155008 data suggest that only a fraction of endogenous Hsc70 and Hsp70 is necessary for CFTR folding and trafficking, supported by endogenous levels of DJA1 and DJA2. Because Hsc70 and Hsp70 are highly abundant in cells \[[@pone.0220984.ref063], [@pone.0220984.ref064]\], their levels are unlikely to be limiting for the folding of ΔF508-CFTR. Instead, the excess endogenous Hsc70/Hsp70 appears to naturally restrict the population of mature CFTR by favouring lysosomal degradation. Moreover, excess Hsc70/Hsp70 promotes ERAD when stimulated by DJA2 and the ER-associated co-chaperones CSPα and DNAJB12 \[[@pone.0220984.ref025], [@pone.0220984.ref027], [@pone.0220984.ref028]\]. Unlike these membrane-associated DNAJs, DJA2 is only loosely attached to membranes by prenylation, which is not essential for some of its folding and ERAD functions \[[@pone.0220984.ref030]\]. DJA2 may thus interact with parts of CFTR that are farther from the membrane.

Hsc70/Hsp70 is a promising drug target for cancer therapies, and there has been recent progress in developing novel small molecules that modulate different aspects of its mechanism. The use of such an agent at low doses to achieve partial inhibition as evidenced by our studies with MKT077 could be a promising therapeutic approach to preserve ΔF508-CFTR at the PM in CF patients. An interesting question is how VER155008 and MKT077 have opposing effects on CFTR. As an ATP competitor, VER155008 provides a strict block of the Hsc70 ATPase and thus appears to act only as an inhibitor, whereas the allosteric inhibition of MKT077 modulates the ATPase cycle. In this way, MKT077 may preferentially affect Hsc70 function with CHIP before the pro-folding activities of the chaperone. CHIP activity depends on the ATPase cycling rate of Hsc70 \[[@pone.0220984.ref018]\], therefore specific binding of MKT077 to the ADP state \[[@pone.0220984.ref042]\] could modulate this rate to impair CHIP. Although the Hsc70 interface with CHIP is also allosterically regulated \[[@pone.0220984.ref019], [@pone.0220984.ref065], [@pone.0220984.ref066]\], MKT077 did not affect CHIP binding, suggesting that the drug does not target the interface. In CFBE41o^-^ cells, MKT077 rescue of band C is observed at lower concentrations than in HeLa cells, possibly because Hsc70/Hsp70 levels are also lower in the bronchial epithelial cells. The properties of MKT077 derivatives that are optimal for cancer therapies \[[@pone.0220984.ref043]\] may not be the same as those required for CF treatment. Finally, it is uncertain whether specific pharmacologic targeting of the Hsc70-CHIP interaction is possible due to the charged nature of the interaction \[[@pone.0220984.ref065], [@pone.0220984.ref066]\].

DJA1 and DJA2 are highly homologous (69% similarity) but there is growing evidence they have distinct biological functions. The co-chaperones differ in certain biochemical properties, which underlies their different abilities to support Hsc70-mediated folding of various proteins \[[@pone.0220984.ref030], [@pone.0220984.ref067], [@pone.0220984.ref068]\]. We demonstrated that DJA1 but not DJA2 was required for maturation of the hERG channel \[[@pone.0220984.ref029]\]. DJA1 is also specifically required for Activation-Induced Deaminase \[[@pone.0220984.ref069]\], and for proper regulation of the Androgen Receptor \[[@pone.0220984.ref070]\]. Conversely, we found that DJA2 but not DJA1 is necessary for luciferase refolding \[[@pone.0220984.ref030]\]. DJA2 is also known to be important for signaling through certain trimeric G proteins \[[@pone.0220984.ref071]\]. With CFTR, DJA1 and DJA2 have different roles at the ER and cell surface. DJA1 promotes CHIP-mediated ubiquitination \[[@pone.0220984.ref024]\], but its net effect favours biosynthetic folding, while DJA2 promotes ERAD. At the PM, these roles are reversed, with DJA1 promoting internalization and lysosomal degradation of misfolded CFTR while DJA2 assists its refolding by Hsc70 \[[@pone.0220984.ref031], [@pone.0220984.ref034]\]. It is possible that different conformational states of partially folded CFTR are recognized by the DNAJs at the ER and PM, leading to distinct folding or degradation regimes. Also, like the DNAJs, MKT077 modulates the ATPase cycle of Hsc70/Hsp70 to shift the net balance of folding and degradation.

Materials and methods {#sec007}
=====================

Cell Lines and Plasmids {#sec008}
-----------------------

HeLa cells stably expressing wild-type (WT) CFTR-3HA or ΔF508-CFTR-3HA were provided by Dr. G.L. Lukacs \[[@pone.0220984.ref031]\]. ΔF508-CFBE41o^-^ were as published \[[@pone.0220984.ref062]\]. HEK293 and HEK293-Tet-On cells were purchased from ATCC (CRL-1573) and Clontech (631183), respectively.

The following constructs were inserted into pcDNA3.1 vector backbone: Flag-Hsp70, myc-DNAJA1, myc-DNAJA2, and DJA2ΔJ-myc \[[@pone.0220984.ref030]\]. For HEK293-Tet-On experiments CFTR-3HA was inserted into the pTRE-Tight vector. Plasmid pcDNA3.1-CFTR-3HA was provided by Dr. D. Y. Thomas and pEGFP-C1-HA-RhoB was provided by Dr. D. Pérez-Sala.

The following siRNA constructs were purchased from Dharmacon: Non-silencing siRNA (D-001810); ON-TARGETplus SMARTpool *HSPA1A* (L-005168), *HSPA1B* (L-003501), *HSPA8* (L-017609), *DNAJA1* (L-019617), *DNAJA2* (L-012104), HOP/*STIP1* (L-019802), CHIP/*STUB1* (L-007201).

Reagents and Antibodies {#sec009}
-----------------------

Anti-Hsp70/Hsc70 (SMC-104), anti-Hsp90 total, 4F3.E8 (SMC-149) and anti-DJB1, 3B9.E6 (SMC-145D) were purchased from StressMarq. Anti-CHIP (C9243), anti-Flag M2 (F1804) were from Sigma-Aldrich. Anti-DJA1, KA2A5.6 (sc-59554), anti-myc (SC-40) and anti-RhoB (SC-180) were from Santa Cruz Biotechnology. Anti-HA.11 clone 16B12 (901501) was from BioLegend. CFTR antibodies M3A7 (MAB3480) and L12B4 (MAB3484) were from EMD Millipore. Anti-HOP (DS14F5) was from Enzo Lifesciences. Anti-BiP, clone 40/BiP (610979) was from BD Biosciences, and anti-CHOP, 9C8 (MA1-250) was from ThermoFisher Scientific. Anti-DJA2 antibodies were raised in rabbits as previously described \[[@pone.0220984.ref067]\].

All chemicals were purchased from Sigma-Aldrich unless otherwise specified. Compounds MKT077 (4621) and VER155008 (3803) were purchased from Tocris Bioscience. VX809 (S1565) was purchased from Selleckchem. Apoptozole (17675) was purchased from Cayman Chemicals. Bafilomycin A1 (10--2060) was purchased from Focus Biomolecules. FLAG peptide (DK-8) (LT12022) was purchased from LifeTein.

Cell culture and transfection {#sec010}
-----------------------------

HeLa and HEK293 cells were cultured in DMEM, high glucose and glutamine (Gibco-Invitrogen), supplemented with 10% fetal bovine serum, 1 mM sodium pyruvate, 100 units/ml Penicillin and 100 μg/ml Streptomycin. The cells were cultured in 5% CO~2~ and unless otherwise stated, at 37°C.

For siRNA transfection, HeLa or HEK293 cells were seeded at 2.5 × 10^6^ and 5 × 10^6^ per 100 mm dish, respectively. The following day, cells were transfected with 100 nM siRNA and 5 μL DharmaFECT1 Transfection Reagent (ThermoFisher Scientific, Cat. T-2001-03) per 100 mm dish according to manufacturer protocol in DMEM supplemented with FBS. For plasmid transfection, HEK cells were transfected with 24 μg total DNA of pcDNA3.1 WT CFTR-3HA and Hsp70 or co-chaperone (DJA1, DJA2, DJA2ΔJ) in a 2:1 ratio, and 24 μL of Lipofectamine 2000 transfection reagent (ThermoFisher Scientific, Cat. 11668019) per 100 mm dish according to the manufacturer's protocol in DMEM supplemented with FBS. Cells were maintained in the 100 mm dishes, or trypsinized 6 hours after siRNA or plasmid transfection and distributed into 5 x 60 mm dishes. Cells were grown for 48 hours prior to experiments.

For qPCR analysis, HEK293 cells were seeded at 1 × 10^6^ per well into a 6-well plate. The following day, the cells were transfected with 4 μg total DNA of pcDNA3.1 WT CFTR-3HA and co-chaperone or empty-vector in a 2:1 ratio and with 4 μL of Lipofectamine 2000 transfection reagent. The cells were grown for 48 hours, and total RNA was isolated using Trizol Reagent (ThermoScientific, Cat. 15596026). 1 μg total RNA was reverse-transcribed using the QuantiTect Reverse Transcription Kit (Qiagen, Cat. 205311), then the cDNA was cycled using the QuantiFast SYBR Green PCR Kit (Qiagen, Cat. 204054) in the MX3005P QPCR system (Agilent). The primers used for the qPCR were as follows: `CFTR, 5’-GGAAAGAGAATGGGATAGAGAGCTGGC-3’ and 5’-CCGGGTCATAGGAAGCTATGATTCTTCCCAG-3’; beta actin, 5’-’CCTGGCACCCAGCACAATAAG-3’ and 5’-AAGTCATAGTCCGCCTAGAAGC-3’.`

For viability measurements, HeLa cells stably expressing CFTR or ΔF508-CFTR were treated with vehicle, or 10 μM MKT077, or or 1 μM staurosporine for 24 hours in 24-well plates. Cell viability was assessed with AlamarBlue Cell Viability Reagent (Thermofisher Scientific, Cat. DAL1025) according to the manufacturer's instructions. Briefly, cells were incubated with 500 μl Alamar Blue reagent diluted 1/10 in complete medium, for 2 hours at 37°C in 5% CO~2~ and then fluorescence was measured (excitation λ 560 nm, emission λ 590 nm) in a SynergyMX plate reader, and normalized to protein amounts measured by the BCA Protein Assay Kit (ThermoFisher Scientific, Cat. 23225).

Cell lysates {#sec011}
------------

Cells were lysed in RIPA buffer containing 150 mM NaCl, 20 mM Tris-Cl, 1% TX-100, 0.1% SDS, 0.5% sodium deoxycholate and Complete EDTA-free protease inhibitor (Sigma Aldrich, Cat. 11873580001). Soluble material was separated by centrifugation at 20,000 x g for 5 min at 4°C. CFTR and chaperones/co-chaperones were separated on 6% and 10% SDS-PAGE, respectively. Protein concentrations were normalized for immunoblots after estimation using the Pierce BCA Protein Assay kit. Immunoblots were detected using chemiluminescence and a FluorChem HD2 digital camera (AlphaInnotech) in its linear detection range, and densitometry was quantified using ImageJ 1.46r software.

Metabolic pulse-chase {#sec012}
---------------------

Metabolic labelling assays were performed as previously described \[[@pone.0220984.ref005]\] with the following modifications. Cells were serum starved in DMEM without methionine and cysteine (ThermoFisher Scientific, Cat. 21013024) for 45 min, and pulse-labelled in 100 μCi/mL EasyTag™ Express Protein Labeling Mix, \[35S\] (Perkin Elmer, Cat. NEG772) for 15 min (WT CFTR) or 1 hour (ΔF508-CFTR). Cells were rinsed with cold PBS containing 1mM MgCl~2~ and 0.1mM CaCl~2~ and chased in DMEM supplemented with 10% FBS, 2 mM glutamine, 2 mM methionine and 2 mM cysteine. Cells were harvested at 0, 1, 2, or 3 h in 500 μL RIPA buffer. Soluble material was separated by centrifugation at 20,000 x g for 5 min at 4°C. Protein concentrations were normalized using the BCA Protein Assay Kit, and pulse-labelled CFTR was isolated by immunoprecipitation with a mixture of CFTR monoclonal antibodies (Millipore, MAB3480 (1.5 μg) and MAB3484 (1.5 μg) per sample) and 50 μL protein G agarose beads (Millipore, Cat: 16--266) for 2.5 hours at 4°C. Beads were washed 3 times in RIPA buffer and proteins were eluted in Laemmli loading buffer. CFTR bands were separated by 6% SDS-PAGE and radioactive bands were detected using a Typhoon scanner (GE Healthcare), then quantified using ImageJ 1.46r software.

Induction and cycloheximide chase {#sec013}
---------------------------------

HEK293-Tet-On cells were grown in 100 mm poly-lysine coated dishes and transfected with plasmid as above. For experiments requiring siRNA transfection it was carried out prior to DNA transfection as above, with the exception that cells were distributed into 4 wells of a 6-well plate after siRNA transfection. The following day cells were transfected with pTRE-WT-CFTR and indicated chaperone in a 2:1 ratio as above. One day after plasmid transfection, CFTR expression was induced by 1 μg/mL doxycycline for 6 h. Cells were chased in 50 μg/mL cycloheximide (CHX) in the presence of 0.1% DMSO vehicle control, 20 μM MG132 or 200 μM chloroquine (CQ), and analyzed by immunoblot.

HeLa cells stably expressing WT CFTR or ΔF508-CFTR were seeded in 6-well plates at 2 x 10^5^ cells per well, and grown for 24 h in the presence of vehicle or 3 μM VX809, respectively. Cells were chased in 50 μg/mL CHX in the presence of vehicle or 10 μM MKT077, and analyzed by immunoblot.

Cell surface biotinylation {#sec014}
--------------------------

HeLa cells stably expressing WT CFTR or ΔF508-CFTR were seeded at 5 x 10^5^ cells per 60 mm dish. For steady-state experiments, cells expressing ΔF508-CFTR were treated with 3 μM VX809 and vehicle or 10 μM MKT077, and cells expressing CFTR were treated with vehicle or 10 μM MKT077, at 37°C for 24 h. Cell surface CFTR was labelled with 1 mg/mL EZ-Link Sulfo-N-hydroxysulfosuccinimide-SS-Biotin (ThermoFisher Scientific, Cat. 21331) on ice for 30 minutes, then excess biotin was quenched with 1% BSA. Cells were lysed in modified RIPA buffer and protein concentrations were normalized as above. Biotinylated proteins were pulled down with streptavidin-agarose beads (ThermoFisher Scientific, Cat. 20347) for 1 h at 4°C, eluted with Laemmli loading buffer, and CFTR was detected by immunoblot. For chase experiments, cells expressing ΔF508-CFTR were treated with 3 μM VX809 and grown at 27°C for 24 h; cells expressing CFTR were grown at 37°C for 24 h. Cell surface CFTR was biotinylated and quenched as above, and samples chased at 37°C over a period of 7.5 h in the presence of vehicle or 10 μM MKT077. Data were fit to a delayed one-phase decay model using GraphPad Prism 7.03.

Immunoprecipitation {#sec015}
-------------------

HEK-Tet-On cells in 100 mm dishes were transfected with pTRE-WT-CFTR and vector, or Flag-Hsp70 without and with DJA2 as above. CFTR was induced for 6 h in the presence of 20 μM MG132. Cells were lysed in PBS containing 1% TX-100, and protein concentrations were normalized using the BCA protein assay. Hsp70 was then immunoprecipitated with anti-Flag M2 magnetic beads (Sigma, Cat. M8823) for 2 hrs at 4°C. Beads were washed 3 times with PBS containing 0.1% TX-100, the proteins were eluted with 1 mg/mL FLAG peptide (DK-8), and then analyzed by immunoblot.

Iodide efflux {#sec016}
-------------

Experiments were performed as previously described \[[@pone.0220984.ref007]\]. Briefly, HeLa cells stably expressing WT CFTR or ΔF508-CFTR were seeded in 6 well plates at 2 x 10^5^ cells per well. Cells were treated with 0.1% DMSO as vehicle control, 3 μM VX809, 10 μM MKT077 or both compounds for 24 h at 37°C. Cells were loaded with NaI in efflux buffer containing 3 mM KNO~3~, 2 mM Ca(NO~3~)~2~, 11 mM glucose and 20 mM HEPES pH 7.5, supplemented with 136 mM NaI, for 1 h. Excess iodide was removed with several washes of efflux buffer supplemented with 136 mM NaNO~3~ and no iodide. To stimulate cell surface CFTR channel activity, intracellular cAMP levels were raised by addition of 10 μM forskolin,1mM isobutyl methyl xanthine, and 100 μM 8-(4-Chlorophenylthio) adenosine 3′,5′-cyclic monophosphate sodium salt. Total cellular iodide content was measured after permeabilizing cell membranes in 1% TX-100. An iodide sensitive electrode was used to measure iodide flux.

Ussing chamber measurements {#sec017}
---------------------------

ΔF508-CFBE41o^-^ (80,000 cells) were seeded onto fibronectin-coated Transwells 6.5mm inserts (Corning Incorporated, Life Science, New York) and the apical medium was removed 24 h later to establish an air-liquid interface. After three days, the basolateral medium was replaced by OptiMEM supplemented with 2% FBS and the next day to OptiMEM with no FBS. The monolayers were treated on both sides with OptiMEM with no FBS and compounds at the desired concentration for 24 h before being either sampled for immunoblots, or mounted in EasyMount chambers and voltage clamped using a VCCMC6 multichannel current-voltage clamp (Physiologic Instruments, San Diego, CA). The apical membrane conductance was functionally isolated by permeabilizing the basolateral membrane with 200 μg/ml nystatin and imposing an apical-to-basolateral Cl^-^ gradient. The basolateral bathing solution contained 1.2 mM NaCl, 115 mM Na-gluconate, 25 mM NaHCO~3~, 1.2 mM MgCl~2~, 4 mM CaCl~2~, 2.4 mM KH~2~PO~4~, 1.24 mM K~2~HPO~4~ and 10 mM glucose, pH 7.4. The CaCl~2~ concentration was increased to 4 mM to compensate for the chelation of calcium by gluconate. The apical bathing solution contained 115 mM NaCl, 25 mM NaHCO~3~, 1.2 mM MgCl~2~, 1.2 mM CaCl~2~, 2.4 mM KH~2~PO~4~, 1.24 mM K~2~HPO~4~ and 10 mannitol, pH 7.4. The apical solution contained mannitol instead of glucose to eliminate currents mediated by Na^+^-glucose co-transport. Successful permeabilization of the basolateral membrane was obvious from the reversal of I~SC~ under these conditions. Solutions were continuously gassed and stirred with 95% O~2~-5% CO~2~ and maintained at 37°C. Ag/AgCl reference electrodes were used to measure transepithelial voltage and pass current. Pulses (1 mV amplitude, 1 s duration) were delivered every 90 s to monitor resistance. The voltage clamps were connected to a PowerLab/8SP interface for data collection. CFTR was activated by adding 10 μM forskolin and 50 μM genistein to the apical bathing solution. CFTR associated current was inhibited by addition of 10 μM CFTR inhibitor-172.

Supporting information {#sec018}
======================

###### No effect of lysosome inhibitor on pulse-chase.

CFTR-3HA was stably expressed in HeLa cells transfected with siRNA against Hsc70 and Hsp70 (si-Hsc/p70) or non-silencing (NS) siRNA. Pulse-chase autoradiograph of CFTR-3HA is shown, with quantitations of bands B and C relative to initial amounts of band B, n = 3. Error bars show standard deviation from the mean.

(PDF)

###### 

Click here for additional data file.

###### Analysis of stress responses.

\(A\) Induction of chaperones. HeLa cells stably expressing CFTR-3HA were transfected with siRNA against Hsc70 and Hsp70 (si-Hsc/p70), or DJA1 (si-DJA1), or DJA2 (si-DJA2), or non-silencing (NS) siRNA, or 10 μM MKT077 or vehicle control for 24 h. The indicated chaperones were detected by immunoblot, and quantitations relative to non-silencing or vehicle controls are shown; si-Hsc/p70 n = 3; si-DJA1, si-DJA2 and MKT077, n = 4. (B) Induction of CHOP. Cells were transfected with siRNA as above, or treated with 0.1 μM thapsigargin (TG), or 10 μM MKT077, or vehicle control for 24 h. CHOP was detected by immunoblot, and quantitations relative to maximum induction by thapsigargin are shown; si-Hsc/p70, si-DJA1 and si-DJA2, n = 2; MKT077, n = 4. Error bars show standard deviation from the mean.

(PDF)

###### 

Click here for additional data file.

###### Measurement of mRNA.

HEK293 cells were transfected with CFTR-3HA and myc-DJA1, myc-DJA2 or vector control. Total mRNA was extracted and reverse-transcribed, amounts of CFTR cDNA were determined by quantitative PCR normalized to actin cDNA. Quantitations relative to amounts in vector controls are shown, n = 5. Error bars show standard deviation from the mean, \* p\<0.05.

(PDF)

###### 

Click here for additional data file.

###### MKT077 does not affect Hsp70-CHIP interaction.

HeLa cells stably expressing CFTR-3HA were transfected with Flag-Hsp70 or empty vector, and treated with MKT077 or vehicle control. Flag-Hsp70 was immunoprecipitated (IP) and bound CHIP detected by immunoblot (IB). Quantified CHIP was normalized to total expression and amount of Hsp70 in the IP, and shown as a percentage of the IP with Flag-Hsp70 and vehicle control.

(PDF)

###### 

Click here for additional data file.

###### Cell viability.

HeLa cells stably expressing CFTR-3HA or ΔF508-CFTR-3HA were treated with 10 μM MKT077, or 1 μM staurosporine (STS), or vehicle control for 24 hours. Viability was determined by fluorescence of Alamar blue reagent, normalized to total protein amounts. Quantitations relative to vehicle controls are shown, n = 4. Error bars show standard deviation from the mean.

(PDF)

###### 

Click here for additional data file.

###### Model of CFTR degradation regulated by DNAJA2 and Hsp70.

At the ER, DNAJA1 assists the folding of immature CFTR. Excess DNAJA2 and Hsp70 promote ERAD of CFTR through the E3 ligase CHIP. At the PM, Hsp70 promotes the degradation of mature CFTR in lysosomes, also through CHIP. Hsp70 inhibitor MKT077 increases mature CFTR by inhibiting its degradation. MKT077 also increases mature ΔF508-CFTR by allowing its slow maturation and accumulation.

(PDF)

###### 

Click here for additional data file.
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